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1015 eV Supernova remnants

Cristofari, Blasi, Amato, Astro. Phy. , Dec. 2020
«  The Low Rate of Galactic PeVatrons » 

Nature, May 2021
«  Ultrahigh-energy photons up to 1.4 PeV from 

12 gamma-ray Galactic sources » 
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KM3NET 2014 

1. Bulk of CRs  
Energy density ~1 eV/cm3 

10% of SNR total explosion  
energy

3. Magnetic field amplification 
- pevatrons!

E-2.72. Slope E-2.7 

Diffusive shock acceleration

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
<latexit sha1_base64="FCwKEAmh5nqDBD+Y35qlhtPKsyk="></latexit>

Injection Propagation

Why supernova remnants (SNR=‘ shock 
wave expanding after supernova’)? 

KNEE ~3 PeV

E-3
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Gamma rays from SNRs

Hadronic interactions :  
Pion decay

p+ p ! p+ p+ ⇡0

<latexit sha1_base64="YGvtj9tc+BcrR36QyoboahxkrO8="></latexit>

⇡0 ! � + �

<latexit sha1_base64="9Vb+juiY6unyWmdODxwl2W6My8E="></latexit>

CR

ISM

Leptonic interactions : 
Inverse Compton scattering
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6 Efficient particle acceleration 

Hadronic Vs Leptonic : 
situation unclear



Galactic supernova remnants

TeVCat (2021)

228 sources listed 

58 « SNRs »

12 Shells6
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Gamma rays from SNRs
Hadronic interactions :  

Pion decay

p+ p ! p+ p+ ⇡0

<latexit sha1_base64="YGvtj9tc+BcrR36QyoboahxkrO8="></latexit>

⇡0 ! � + �
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CR

ISM

Leptonic interactions : 
Inverse Compton scattering
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<latexit sha1_base64="x8BYLid8VcQyTCI3qk69oB1++vU="></latexit>

E�

<latexit sha1_base64="tHAEH1zs8PniKqgmwN5RgHGUPXs="></latexit>

L�

<latexit sha1_base64="QWe/MypIuMIZCOge76MRw0u8UwY="></latexit>

E� ⇡ 1

10
Ep

Klein-Nishina suppression: 
Inefficient above >50 TeV

100 TeV gamma rays probe the acceleration 
of PeV protons (hadronic)



TeV gamma—ray astronomy
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100 TeV gamma rays 
-> acceleration of PeV 

protons (hadronic)



 SNR Pevatrons with CTA

Why all the talking with PeV CRs at SNRs? 

Resonant  
streaming of CRs 

Skiling (1975) 

Instability  
density fluctuations 

Giacolone & Jokipii (2007)

Acoustic instability 
Drury & Falle (1983) 

Non-resonant streaming  
Bell (2004) ….
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Non-resonant streaming of CRs

pmax(t) ⇡
rsh(t)
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Z t

0
dt0�max(t

0) ' 5
<latexit sha1_base64="KfqrMrmmuxy+89KA5IB9uz7EUjw="></latexit>

Growth rate of the non-resonant 
 streaming instability  

Different for different SNRs/SNe

Type Ia Type II

RSG Low density  
bubble MS

ISM

D
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ISM
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Type Ia Type II

RSG Low density  
bubble MS

ISM

D
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si
ty
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<latexit sha1_base64="ZQlNfw2mQ5lYQNwHVrLtYXEoJC4="></latexit>

Ostriker & McKee (1988)
Thin shell approximation

ISM

Rsh = 4.3
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n0
<latexit sha1_base64="4N8x00KrPwCgGBOsrsCi3Oq0HMY="></latexit>

Mej = 1.4M�

ESN = 1051erg
<latexit sha1_base64="OMRf4tTwA8cSRDJjkVMn+Ip+D9M="></latexit>

ṀRSG, uRSG, ESN

ṀMS, uMS, n0,Mej,
<latexit sha1_base64="E57+q0+k5OqEDYecCzmR9N/q0HQ="></latexit>
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Non-resonant streaming of CRs

pmax(t) ⇡
rsh(t)
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Growth rate of the non-resonant 
 streaming instability  
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⇠ = 0.1
<latexit sha1_base64="U+nzBSPnbWPULsZXa5ItG3O69NY="></latexit>
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Protons from SNRs? 

SNRs Protons propagate 
to us in the Galaxy  

Compare to 
spectrum of CRs

Inject protons 
in the ISM 

PC, Blasi, Amato 2020
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Let’s compute the protons! 

14



Protons after propagation in the Galaxy

Advection 
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Ionisation losses 

1D Galactic transport 

Trapped

Escaping
qesc(p) =

⌫SN
⇡R2

d

Z TSN
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dt
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<latexit sha1_base64="EMxbD8vKuEOWa0iGv07ZDpYcgDI="></latexit>

Injection  
from SNRs

SNRs injecting particlesGalactic disk
z = 0

<latexit sha1_base64="Dhl+3QRaP1t0jQFA1QAuTENx4k0="></latexit>

Rd = 15kpc
<latexit sha1_base64="dg/im3EWxDyKk5QeHgcmbsoHYqk="></latexit>

Galactic Halo H = 4 kpc
<latexit sha1_base64="pk2POiscLrACBYclof8qu+BxF2I="></latexit>

Diffusion 

D(p) = D0
v(p)

c

(p/mc)�⇥
1 + (p/pb)��/r

⇤r
<latexit sha1_base64="8jlC+1jPC0CQ4ExTA+dIpnncovM="></latexit>

In agreement with AMS-02  
measurements 

Evoli (2019)
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List of parameters: 

Protons from supernova remnants

Injection  
from SNRs

Ṁwind, uwind, ESN,Mej

⇠CR, ⌫SN
<latexit sha1_base64="p12RauIahAH7LVs5ynvtHQhK3MI="></latexit>

Transport

H,Rd, h,D, n0
<latexit sha1_base64="QozCU5ddFvfhkM5EbYCv9VBSCTs="></latexit>

Galactic dimensions

Diffusion coef

Rate of SNe

Efficiency of particle acceleration <latexit sha1_base64="eVW81sgPqDf85yju8b+C7L4UHXo="></latexit>

Emax / ⇠CR
<latexit sha1_base64="hoM6Zyg/OY4NQpEZ3bvis44Ah5k="></latexit>

Norm / ⇠CR ⇥ ⌫SN



Protons from type Ia
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PeV

⇠SN = 0.1
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Protons from type II
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Not reaching 
PeV

⇠SN = 0.06
<latexit sha1_base64="Pm4omJx0b4WW3qA00fBygNJcu04="></latexit>

⌫II = 2/century
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Protons from type II*
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Ṁ = 10�4M�/yr

ESN = 5⇥ 1051erg

Mej = 1M�
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⇠SN = 0.1
<latexit sha1_base64="kEBMt9gcVpthHZRXVo9UScF6VtQ="></latexit>

⌫SN = 1%⇥ 3/century
<latexit sha1_base64="WWBkBqpfeD06XJJ4hBCII/+2afs="></latexit>

No room for 
 other SNRs

19 PC, Blasi, Amato 2020
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Assuming all SNRs are 
PeVatrons

PC, Gabici, Terrier, Humensky (MNRAS, 2018)

⌫SN = 1%⇥ 3/century
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If only Type II* are Pevatrons

! 0
<latexit sha1_base64="Ztu8C7aKaY2N2J3Xdm1yUSfl0oo="></latexit>

PC, Blasi, Amato (Astro. Part. Phy. 2020)
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Pevatrons with CTA 

Pevatron working group: Acero, Anguner,  Cassol, Costantini, Giunti,  
Khelifi, Trichard, Verna, PC 

Preliminary!

21 CTA Consortium paper in preparation



Pevatrons with CTA 

Pevatron working group: Acero, Anguner,  Cassol, Costantini, Giunti,  
Khelifi, Trichard, Verna, PC  
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Cristofari, Marcowith, Renaud, Dwarkadas, Tatischeff, MNRAS (2020)

ExtraGalactic SN 
PeVatron?! 
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What does this mean?

1. SNRs are OK but we won’t see any PeVatrons with CTA 
2. Another instability (not Bell) comes into play  

3. Strong temporal dependance on one/several parameters 
4. SNRs are not dominant sources of CRs up to the knee 
(role of other objects/stellar clusters/ massive stars/?) 

Mimicking 
bump?

Reaching PeV

MAYBE: 
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Conclusions : the hunt  for pevatrons, 
closing the SNR case? 

SNR PeVatrons with gamma-ray 
instruments (HAWC, H.E.S.S, CTA, 

LHAASO, SWGO)

Not detected

That’s OK  
What role for SNRs?  

Really PeV? Knee? Composition? 
DAMPE bump?   

Detected

What mechanism? (Bell?) 
xi_CR/ Mdot function of time? 

When? How many?   
Other Astrophysical objects?

24
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H.E.S.S. J1745-290

H.E.S.S. collaboration (Nature, 2016)
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HAWC J2227+610 (associated  
with SNR G106.3+2.7? )

HAWC collaboration ApJ 2020
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Massive stars as CR factories?

Aharonian et al. (Nature Astro. 2019)
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Very uncertain nature of these sources? 
Proton acceleration? Electron acceleration? 

Not many SNRs in this list!  



Conclusions : the hunt  for pevatrons, 
closing the SNR case? 
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